Purpose Individuals with hyperimmunoglobulin E Syndrome (HIES) have central nervous system abnormalities, including focal white matter hyperintensities (WMH), or unidentified bright objects. This cross-sectional study aimed to describe the cognitive and emotional functioning and quality of life of people with HIES. We also sought to explore the relationship between cognitive functioning and WMHs in this population. Methods Twenty-nine individuals (13 males) with autosomaldominant HIES (mean age=35.1 years, range 16-55) were administered a comprehensive psychological assessment as part of a natural history protocol. The assessment included measures of global cognitive functioning (Wechsler Adult Intelligence Scale-III), memory (California Verbal Learning Test-II, Wechsler Memory Scale-III), executive skills (Delis Kaplan Executive Function System), and attention (Test of Everyday Attention). Emotional symptoms and quality of life also were assessed.
stable in their location. The presence of WMHs in individuals with HIES is described in much younger ages than expected in healthy individuals [6] . Figure 1 shows four sequential FLAIR-weighted images from a 22 year-old patient with AD-HIES. Note the presence of multiple bilateral foci of abnormally increased signal intensity in the frontal and parietal white matter bilaterally, some of which appear to be subcortical in location.
The impact of WMHs on neurobehavioral functioning in HIES patients has not been explored. However, research from other groups has suggested a link between WMHs and specific neurological and cognitive variables. For example, WMHs are frequent incidental findings in the elderly [7] . In this age group, WMHs are associated with increased blood pressure, evidence of silent stroke, smoking, and other vascular risk factors, and can be associated with cognitive decline [8, 9] . Individuals with HIES are known to have other vascular abnormalities such as coronary arterial tortuosity and aneurysm [10] . WMHs also have been described in patients with migraines [11] , vasculitis [12] , infectious diseases such as Lyme disease [13] , old trauma (diffuse axonal injury) [14] , and neurofibromatosis type 1 (NF1) [15, 16] . White matter changes are also the hallmark of demyelinating diseases such as multiple sclerosis (MS); however, those appear distinct from the typical age-related WMHs, both in shape (oval shaped in MS) and location (corpus callosum, periventricular).
Study Objectives
The two primary objectives of this cross-sectional study are (1) to describe the cognitive abilities, emotional functioning, and quality of life of a group of patients with HIES and (2) to explore the relationship between the aforementioned domains and WMHs in this population. Since no published reports have described these domains in individuals with HIES, our first objective was approached in an exploratory fashion. Regarding our second objective, given the research on WMHs in the other populations described above, we hypothesized that patients with more WMHs would perform lower on cognitive measures than patients with fewer WMHs. Our primary outcome measure was the WAIS-III Full Scale IQ. Secondary measures included tests of memory, executive functioning, attention, emotional symptoms (depression and anxiety), and quality of life.
Methods

Participants
Eligible participants for this study included individuals with HIES who were enrolled on a longitudinal natural history protocol at the National Institutes of Health. The natural history study was approved by the Institutional Review Board of the National Institute of Allergy and Infectious Diseases (NIAID), and all participants or their guardian provided informed consent. To be deemed eligible to participate in the psychological substudy, patients must have been at least 16 years of age and had to have a previous MRI brain scan showing at least one WMH. In addition, patients with an acute infection or who were recently prescribed a medication that might influence cognitive functioning (e.g., a narcotic for pain management) were ineligible.
The HIES cohort from which we were able to recruit included 44 patients. Eleven of these patients were excluded due to prior CNS injury (e.g., cerebrovascular accident or infection), medications that we thought would interfere with performance, additional neurologic diagnosis (n =1), or inability to schedule the studies. Three of the 33 remaining individuals were excluded due to absence of WMH. Therefore, 91 % of the evaluable cohort had WMH present; this is somewhat higher than a prior report [6] that cited approximately 70 % of individuals, although that report included children, who likely have a lower incidence. In sum, thirty patients met eligibility criteria and were approached to participate in the psychological evaluation between 2006 and 2012. One of these patients declined the psychological evaluation, stating that he was too tired.
Measures
Background Information Participants completed a questionnaire asking about demographic information as well as educational and psychiatric history. Specifically, they were asked about the number of years of formal education they had completed and any psychiatric or cognitive disorders with which they had been formally diagnosed.
Global Cognitive Functioning The Wechsler Adult Intelligence Scale, Third Edition (WAIS-III) [17] is a test designed to assess the intellectual ability of adults ages 16 through 89 years. It is comprised of 14 subtests, which combine to yield composite scores including the Full Scale IQ (FSIQ), Verbal IQ (VIQ), Performance IQ (PIQ), Verbal Comprehension Index (VCI), Perceptual Organizational Index (POI), Working Memory Index (WMI), and Processing Speed Index (PSI). Each composite score is based on a mean of 100 and a standard deviation of 15. Scores between 90 and 109 are considered to be in the Average range. Subtest scores on the WAIS-III are based on a mean of 10 and a standard deviation of 3. For this study, patients were administered 11 of the 14 subtests: Vocabulary, Similarities, Information, Picture Completion, Block Design, Matrix Reasoning, Arithmetic, Digit Span, Letter-Number Sequencing, Coding and Symbol Search. In addition to the Digit Span total score, standard scores representing Digits Forward and Digits Backward were calculated based on span length [17] . Because the Picture Arrangement and Comprehension subtests were not administered, the VIQ and PIQ were pro-rated in accordance with instructions in the WAIS-III manual. The WAIS-III has been widely used and is considered reliable and valid [17, 18] .
Memory The California Verbal Learning Test, Second edition (CVLT-II) [19] is a widely-used measure of verbal learning and memory for individuals ages 16 to 89 years. Examinees are read a list of words and are asked to recall them across a series of trials. The CVLT-II produces scores representing overall learning (Trials 1-5), short delay free recall (SDFR), and long delay free recall (LDFR), among others. The reliability and validity of this measure are strong [20, 21] .
The Logical Memory subtests I and II were administered from the Wechsler Memory Scale, Third edition (WMS-III) [22] . On these tasks, participants are required to retell two short stories immediately after they are read aloud by the examiner (Logical Memory I) and again after a 20-min delay (Logical Memory II). The WMS-III and the Logical Memory subtest in particular are reliable and valid [23] .
Executive Functioning The Delis-Kaplan Executive Function System (D-KEFS) [24] consists of nine subtests that reliably measure the ability to plan and organize thoughts and behaviors and to shift between tasks. The subtests include reliable measures of both verbal and nonverbal executive function tasks for individuals ages 8 to 89 years [25] . The Verbal Fluency subtest's Category Switching task and the Trail Making subtest's Number-Letter Switching task were chosen for this study, as they evaluate verbal and nonverbal executive domains, respectively.
The Behavior Rating Inventory of Executive FunctionAdult Version (BRIEF-A) [26] is a self-report questionnaire comprised of 75 items that measure various aspects of everyday executive functioning. Adults ages 18 and older respond based on how often the items were a problem for them in the past month, with choices of Never, Sometimes, and Often. T-scores of≥65 are considered "clinically significant" and indicative of a problem area. The BRIEF-A is considered a reliable and valid measure [26, 27] . Three adolescent participants were ineligible for this questionnaire due to the lower age limit of 18 years.
Attention The Test of Everyday Attention (TEA) [28] consists of eight subtests that measure various components of attention for adults 18 to 80 years of age. The Elevator Counting subtest administered in this study is a measure of sustained auditory attention that requires the examinee to listen to seven series of tones and state how many tones were heard in each series. A raw score of seven out of seven indicates normal attention, six out of seven indicates a possible attention problem, and less than six correct suggests an attention problem. The TEA's reliability and validity are acceptable [29] . Three participants were too young for this test.
Emotional Functioning The Hospital Anxiety and Depression Scale [30] is a self-report screen used to detect symptoms of depression and anxiety. The scale consists of 14 items that are scored on a four-point scale from 0 to 3, with higher scores representing greater symptomology. Item responses are added together to produce scores on the Depression and Anxiety subscales, which are categorized as "normal" (0-7), "mild" (8-10), "moderate" (11) (12) (13) (14) , or "severe" (15) (16) (17) (18) (19) (20) (21) . This measure has been found to be reliable and valid in numerous studies with various populations ages 16 to 65 years [31] .
Quality of Life The Functional Assessment of Cancer Therapy-General [32] is a quality of life instrument intended for use with a variety of chronic illness populations. It is a 27-item self-report measure with responses given on a 5-point Likert scale ranging from 0 (not at all) to 4 (very much). Raw scores are transformed to T-scores (which have a mean of 50 and standard deviation of 10). Responses produce scores on subscales assessing aspects of physical, social/family, emotional, and functional well-being, and a Total score thought to represent overall quality of life. Higher scores indicate better quality of life; given the mean of 50 for the T-scores, scores below 40 can be considered to represent poor quality of life. Reliability and validity have been established [32, 33] .
Neuroimaging Variables
Brain MRI imaging was obtained as part of the natural history protocol. MRIs were performed on either 1.5 or 3 Tesla magnets. Imaging included the following sequences: 3D sagittal T1, axial T1, axial T2, axial Proton density and axial FLAIR weighted images. Two authors (DLH and AFF) reviewed the MRI images obtained closest in time to the neuropsychological evaluation as long as the scan was obtained within one year of the neuropsychological testing. One reviewer was blinded to the clinical and neuropsychological status of the patients and the other reviewer was blinded to the neuropsychological test results but was familiar with the patients' general clinical status. The number of WMHs were counted and grouped from 0-5, 5-10, 10-15, 15-20, 25-30, and >30 lesions, and the location of the lesions was recorded.
The two reviewers obtained 100 % agreement when categorizing the scans. One patient could not be scanned due to an intracranial aneurysm clip placed following a subarachnoid hemorrhage, and two patients did not have readable scans close enough to the test date. Thus, valid neuroimaging data were obtained for 26 of the 29 patients in the total sample.
Statistical Analyses
For consistency across tests, all cognitive scores were converted to standard scores with a mean of 100 and standard deviation of 10. Pearson correlations or analyses of variance were used to assess the relationships between demographic variables with cognitive and neuroimaging variables. Analyses of covariance (ANCOVAs) were run to assess the relationship between cognitive and neuroimaging (WMH) variables, with gender effects held constant. To explore the relationship between WMHs and cognitive functioning, patients were grouped according to whether they had fewer (1 to 20; n =13) or more (21+; n =13) WMHs, since there was a natural split in the data at this point. Independent t-tests were used to compare the Low WMH and High WMH groups on cognitive variables. On two variables that showed a non-normal distribution, non-parametric statistics (Kruskal-Wallis) were computed. Follow-up exploratory analyses were conducted to examine the relationship of memory and executive skills with global cognitive functioning. Specifically, t-tests were performed on the differences between the memory scores from the CVLT-II, WMS-III, and DKEFS and the Full Scale IQ scores. Alpha was set at .05 due to the exploratory nature of the study.
Procedures
The psychological evaluation was part of the natural history protocol, and so consent for testing was obtained when the patients enrolled on that study. Verbal assent for the psychological assessment also was obtained from all 29 participants. The assessment battery typically took about 3 to 3.5 h and was administered during one session in an outpatient clinic at the National Institutes of Health Clinical Center. Patients were not tested if febrile, and were monitored for fatigue and given breaks if necessary.
Results
Demographic Characteristics
Demographic data is presented in Table I . Our complete sample ranged in age from 16 to 55 years (mean age=35.1 years± 10.9). Most patients were Caucasian (83 %, n =24), had completed some post-high school education (mean=15.4 years), and were working full-time (59 %, n =16).
Cognitive Functioning for Entire Sample
Patients were asked if they had ever been diagnosed with a cognitive disorder. Two patients (7 %) had been diagnosed with Attention Deficit Hyperactivity Disorder (ADHD), and one patient (3 %) reported having been diagnosed with a learning disability. As shown in Table II , global cognitive functioning on the WAIS-III was in the High Average range (mean FSIQ= 111.0±15.0). Verbal skills were at the high end of the Average range (mean VIQ=108.6±14.4) and nonverbal, visual-spatial skills were high average (mean PIQ=112.0±16.0). Scores on the WAIS-III indices were similar, with the VCI and POI in the High Average range and the WMI and PSI in the Average range. Among subtests, most of the mean scores fell within the Average range. The mean scores on the Vocabulary subtest and the Matrix Reasoning subtest were on the border between the Average and Above Average ranges. None of the mean scores were below average. Table III presents results of the memory and executive function measures. All mean scores on the CVLT-II and WMS-III were within the Average range. Mean scores on the DKEFS Verbal Fluency Category Switching and Trail Making Switching tasks also were within normal limits. On the TEA Elevator Counting task, 81 % of patients responded correctly on 7 out of 7 items and were considered "within normal limits." The remaining 19 % obtained a raw score of 6 out of 7, falling in the "possibly abnormal" range.
All scores on the BRIEF-A self-report questionnaire were within normal limits. However, the percentage of patients who obtained clinically significant scores on some of the subscales was substantial (see Table IV ). For example, 27 % and 23 % of patients scored in the clinical range on the Working Memory and Initiate subscales, respectively.
No significant correlations emerged between age or years of education and any of the cognitive measures. However, there were several gender differences that were significant at the .05 Scans for all 26 patients showed WMHs present in frontal white matter. Twenty-one (81 %) had WMHs evident in the white matter of the parietal region, while four scans (15 %) showed WMHs in temporal white matter. Much less frequently, WMHs were present in parietal (8 %) and temporal (4 %) gray matter, and in the pons (4 %). Most patients (81 %) had WMHs in more than one location. Because of the heterogeneous distribution of patients with WMHs in various brain regions, it was not possible to examine statistically the relationship between cognitive functioning and WMH location.
Cognitive Functioning in Patients with High versus Low WMHs
When patients in the Low WMH and High WMH groups were compared, statistically significant differences emerged on several of the cognitive scores (see Fig. 2 and Table II) . First, the Low WMH group achieved higher Full Scale (115.8 Due to the relatively small samples in the two WMH groups, the primary variables of interest were examined to determine whether they followed a normal distribution. For two variables that were non-normal (WAIS-III Arithmetic and Matrix Reasoning subtests), the Kruskal-Wallis nonparametric statistic was calculated. In both cases, the obtained value did not exceed the critical value and results were therefore consistent with those from the t-tests presented above.
Emotional Functioning/Psychiatric Disorders
Nine participants (31 %) reported having been diagnosed with at least one psychiatric disorder. Depression was the most common diagnosis cited (17 %), followed by anxiety (14 %), Attention Deficit Hyperactivity Disorder (ADHD; 7 %), and Obsessive-Compulsive Disorder (3 %). Six patients (21 %) reported taking a psychiatric medication at the time of the evaluation; five were taking a medication for depression and one for comorbid depression and anxiety. On the HADS, the mean score on the Depression subscale was 3.2 (± 3.2), and the mean score on the Anxiety subscale was 5.5 (± 2.2), both of which fall in the "normal" range. On the Depression subscale, 90 % of patients scored within normal limits, while 3 % scored in the "Mild" range and 7 % scored in the "Moderate" range of symptomatology; no patients scored in the "Severe" range. On the Anxiety subscale, 83 % of patients scored within normal limits, and the remaining 17 % scored in the "Mild" range.
Quality of Life
The mean Total T-score on the FACT-G quality of life measure was 53.2 (± 10.0 SD), and individual T-scores ranged from 34 to 83. Mean T-scores were within one standard deviation of the mean for the Physical Well Being (44.6±13.2), Social Well Being (51.1± 10.6), Emotional Well Being (47.2 ± 10.0), and Functional Well Being (49.7±11.0) subscales. Despite these mean scores in the average range, more than 20 % of the participants' T-scores fell more than one standard deviation below the mean (suggesting poor quality of life) on the Physical Well Being (32 %) and Emotional Well Being subscales. Percentages who scored one standard deviation or more below the mean on the Total Scale and the Social and Functional Well Being subscales were 12, 12, and 16, respectively. The relatively small number of patients in some of the cells prevented further analyses of these subgroups (that is, those patients scoring outside versus within normal limits).
Emotional Functioning and Quality of Life in Patients with High versus Low WMHs
On the HADS, the Depression and Anxiety scores were unrelated to WMH group classification. Likewise, neither the FACT-G total score nor the subscale scores were related to WMH group. Thus, WMHs do not seem to be a factor in the emotional functioning or quality of life of individuals with HIES.
Discussion
HIES is a multi-system disorder reflecting the widespread expression and functions of STAT3. Although CNS imaging findings of HIES patients have been studied previously, cognitive functioning and its relationship with WMHs have not. Further, gross neurologic deficits have not been noted despite the frequent presence of WMHs, but the question of whether more subtle impairments may exist has not been investigated. As the vast majority of adults with HIES have WMHs, we compared the cognitive functioning of those with HIES and WMHs to normative data and also examined the aforementioned domains in relation to the number of WMHs.
Overall, the cognitive functioning of the patients with HIES in our study was in the average to high average range. Most patients scored within normal limits on global measures of cognitive ability, verbal memory and learning, working memory, executive functioning, and attention. However, percentages of patients who scored in the clinically significant problem range on the executive functioning questionnaire (BRIEF-A) were substantial. For example, compared to the 27 % and 23 % of our participants who scored in the clinical range on the Working Memory and Initiate scales, respectively, none of the "normal control" sample scored in the clinical range on these subscales according to the BRIEF-A manual [34] . When examining functioning across subgroups based on the number of WMHs (0-20 versus 21+), several important differences emerged. Patients with fewer WMHs performed significantly better on scores of global cognitive ability and overall visual-spatial skills (Full Scale IQ and Performance IQ, respectively) as well as specific cognitive tasks (Picture Completion and Digits Backward). The Picture Completion subtest is an indicator of visual perceptual skills, while Digits Backward measures working memory, a key component of executive functioning. Also, quite a few of the other subtests showed the same trend, with patients in the Low WMH group scoring higher than those in the High WMH group. It may be that with a larger sample, more of these differences would have reached statistical significance.
WMHs are not fully understood. They can be detected incidentally in healthy individuals, and prevalence increases with age [9] . The pathology associated with incidental WMHs appears to reflect non-specific reduced myelination with atrophy of the neuropil around fibrohyalinotic arteries as well as different stages of perivenous damage, suggesting minor perivascular damage rather than frank infarction [35] . Depending on the associated disease entity, the pathology of WMHs probably differs; however, there is a lack of post mortem evaluation of the associated histopathologies.
WMHs have been linked to cognitive dysfunction in a variety of populations. For example, a recent systematic review and meta-analysis of WMHs in the elderly suggested an association of lesions with a faster decline in global cognitive performance, executive function, and processing speed [36] . Similarly, in individuals with neurofibromatosis type 1 (NF1), data suggest that WMHs are associated with impairments in global cognitive functioning and visual-spatial skills [37, 38] . These findings are concordant with the relationships detected in our patients, whereby scores of global cognitive ability, overall visual-spatial skills, and specific cognitive tasks were associated with a higher number of WMHs. While the location of WMHs in patients with NF1 has been found to relate to specific cognitive deficits [15, 39] , the variation in locations of WMHs in our sample of patients with HIES prevented us from being able to investigate this factor. With more data this question could be addressed with future research.
Another notable observation found in our sample was that, despite their average to high average cognitive abilities, only 59 % of our patients were employed full-time and nearly a quarter was unemployed. In our sample, employment status was unrelated to WMH group. The lack of full-time employment could be from a variety of issues, such as frequent or chronic skin and/or pulmonary infections, or chronic pain from the musculoskeletal defects. One study of Danish patients with eczema and other atopic dermatitis disorders found that nearly 6 days of work were missed over a 6-month period due to eczema and that over a third of respondents chose not to pursue education or work due to dermatological disease [40] . There is a need for more research on the frequency of HIES patients who are unemployed or disabled and contributory factors.
The percentage of individuals in our sample with a psychiatric diagnosis according to patient report was 31 %. National Institute of Mental Health statistics cite a 26 % 12-month prevalence rate of a psychiatric diagnosis for adults in the U.S. population [41] . Our results are just above the national average. Studies of patients with chronic itch-related skin disorders have reported elevated levels of somatization, obsessive-compulsive behavior, depression, anxiety, hostility and sleeping disorders [42] as well as an increased likelihood of schizophrenic and affective disorders [43] . In our study, mean scores on the Depression and Anxiety subscales of the HADS were within the "normal" range and similar to mean scores reported in healthy control groups from other studies [44, 45] . No patients scored in the "severe" range on either subscale. A recent study of patients with inflammatory bowel disease reported that 11 % and 41 % scored in the severe range on the HADS Depression and Anxiety subscales, respectively [46] , suggesting that our sample of individuals with HIES are faring better with respect to emotional well-being than at least some other chronic illness groups.
With respect to quality of life, our sample had results well within normal limits on the FACT-G Total score and all of the domains. Cella and colleagues [47] provided normative data from the general U.S. adult population on the FACT-G. Mean raw scores are similar to those obtained among our sample on all domains and the total score. For example, the mean Total raw score in our patient group was 83.4±13.1, compared to 80.1±18.1 in the general population. This suggests that quality of life among individuals with HIES is comparable to typical adults, but this observation is speculative since our study lacked a healthy comparison group. However, it also should be noted that nearly one third of our sample (32 %) scored lower than one standard deviation of the mean (suggesting worse quality of life) on the Physical Well Being scale, and 12 to 20 % scored outside the normal range on the other scales. Thus, subgroups of patients with HIES seem to be experiencing disturbances in one or more aspects of their quality of life. Further, our results tentatively suggest that WMHs do not have a detrimental impact on emotional functioning or quality of life in individuals with HIES. However, additional exploration of psychological functioning in the HIES population is needed, as our measure (the HADS) was meant to screen for psychiatric symptoms rather than serve as an extensive diagnostic tool.
Limitations of the current study include a small sample size and lack of longitudinal neuropsychological testing in relationship to the baseline number of lesions and progression of lesions over time. Nonetheless, our data provide an initial picture of the cognitive profiles of adults with HIES and the relationship between their cognitive functioning and WMHs. It is recommended that future research examine the cognitive and psychiatric status of youth with HIES, as well as the impact of the unique features of this disease, including recurrent infections and characteristic facial features. Also, we chose to set our alpha level at .05 due to the exploratory nature of the study. Given the number of analyses, the results should be interpreted with this caution in mind. Finally, our study would have benefitted from a comparison group of healthy individuals or another patient group with WMHs. The pathophysiology underlying WMHs in our patient population remains elusive and could reflect some type of vasculopathy, in view of the known vasculopathic changes identified in larger vessels such as the coronaries and the higher incidence of hypertension [10, 48] . The exact pathophysiology could be further evaluated in postmortem brain MR imaging in correlation with detailed histopathology.
Conclusions
This study offers an initial overview of the cognitive functioning of individuals with HIES and WMHs. Our results suggest that, while cognitive domains are generally intact for most patients, focal brain lesions may be a risk factor for relative weakness in specific areas, such as visual-spatial skills and working memory. It may be worthwhile to monitor individuals with HIES for the presence and number of WMHs beginning in adolescence. Those individuals with more WMHs could be targeted early for cognitive interventions aimed at teaching compensatory strategies. These adolescents also may be advised to obtain a neurocognitive evaluation and seek vocational or career counseling based on their pattern of strengths and weaknesses. However, the full impact of the WMHs and associated lower cognitive scores is unclear. Since WMHs are unrelated to employment status, and the lower cognitive scores in the High WMH group still lie in the Average range, it is difficult to discern the clinical significance of these factors on the daily functioning of individuals with HIES.
Future studies using longitudinal designs, with more patients, and with comparison groups including those without WMHs, are needed to answer remaining questions about the relationship between cognitive functioning and WMHs, and to explore underlying neurological mechanisms that may play a role. Knowing more about the impact of WMHs on neurocognitive outcomes may lead the way toward preventive and rehabilitative cognitive interventions.
